In previous years, several high-power micro-satellites below ~100 kg have been developed for high-functional spacecraft. This paper proposes a functional and high-power thermal control system with no power supply and a simple configuration for micro-satellite: 100 W, 3 U. The proposed system consists of a heat storage panel (HSP) with pitch type CFRP (Carbon Fiber Reinforced Polymer), a micro loop heat pipe (m-LHP) and a flexible re-deployable radiator (FRDR) as an active thermal control system. The aim of this research is to try not only to verify the thermal control devices, but also to perform a water phase change experiment as a payload using an electric power generation of 100 W in space environment. In this paper, the basic design of the satellite, the analysis of the feasibility by the thermal mathematical model, and the fabrication of thermal test model including water phase chamber are reported. The main results of thermal analysis as feasibility verification showed that the paddles could absorb the thermal energy up to 97 W at the solar input of 180 W, and the operating temperature of bus equipment became within the allowable temperature range (0˚C -40˚C). At thermal vacuum test, the difference between the analysis and the experiment for the temperature history of water due to the discordance for the value of thermal conductance was discussed.
Introduction
In recent years, high-power micro-satellites below ~100 kg have been under focus [1] and their usability has been proved. A large number of micro-satellites are developed in accordance with the standards of CubeSat which is defined as the satellite with the weight of 1.33 kg or less per 1 U (10 cm × 10 cm × 10 cm).
CubeSats have extended their mission capabilities and often their mission is comparable to the mission of bigger satellites. For example, Planet Labs Inc.
(USA) launched over twenty 3 U satellites named Dove offering the service of providing Earth images to their customers, their mission focusing on Earth observation [1] [2] . NASA has developed 6 U CubeSat: Mars Cube One as mars probe and their CubeSats aim to advance the mission level beyond the earth's orbit [3] .
Due to the development of high functional micro-satellites, high-power micro-satellites whose benchmark is 100 W, 3 U, have been demanded. Miltech Co.
(USA) has developed High-Power CubeSat Concept for 3 U satellite [4] . Tether Inc. (USA) proposed Power Cube which can carry out electric propulsion for 80 W, 3 U satellite [4] .
For the thermal design of micro-satellite, especially for CubeSat, there are specific challenges which are not considered for a large-scale satellite due to its physical limitations. Generally, passive control is applied as thermal control for the micro-satellites of small-power consumption, because the priority of thermal design is lower than other subsystems such as propulsion subsystem etc. However, their passive thermal control methods are not suitable for high-power micro-satellites.
Under such a background, our final goal is to build a functional and high-power thermal control system for a 100 W, 3 U micro-satellite. The main feature of this proposed system is no power supply, a simple configuration and an active control to realize variable control. In this paper, a 3 U satellite was proposed as a testbed of 100 W thermal control system with a heat storage panel (HSP), a micro loop heat pipe (m-LHP) and a flexible re-deployable radiator (FRDR). To build this system, a demonstration satellite which can absorb the solar heat of 100 W was designed and the experiment of three phase changes of water was proposed as the payload using an electric power generation of 100 W. Moreover, the feasibility of the missions was verified by thermal mathematical model and the thermal test model was built for the space environment testing.
Proposal of Micro-Satellite with Functional Thermal
Control System Table 1 and Figure 1 show the specification and the schematic view of the proposed micro-satellite. The size of the micro-satellite corresponds to 3 U standard and the weight is 3.9 kg. The spin axis of the satellite is fixed in the direction of the sun with a spin stabilization method. From Figure 1 , it can be seen that there are four panels faced to the sun; three of them are used for absorption of solar 
m-LHP: Micro Loop Heat Pipe
The m-LHP is a heat transport device which is activated by using capillary force 
FRDR: Flexible Re-Deployable Radiator
As the increasing of power consumption from the inside of satellite, the deployable radiator has been used to improve the radiation ability. The operating principle is that the flexible re-deployable radiator can change its deployment angle and the radiation area depending on temperature by shape memory alloy (SMA) Journal of Electronics Cooling and Thermal Control [13] [14] [15] . The features of the radiator are as follows: 1) the radiation area can be expanded more than the surface area even after the launch and orbit insertion; and 2) Graphite Sheet (GS) which has high thermal conductivity, lightweight, and flexibility is used for the integrated parts between the main body and the deployable part. Thus, the radiation area also becomes a path for heat transfer.
Design and Verification

Design of Micro-Satellite
The biggest challenge for the micro-satellite is to keep the temperature of the bus part around room temperature, though the payload is facing a dynamic temper- 
The Feasibility Verification by Thermal Mathematical Model
For the feasibility verification of the mission in the proposed micro-satellite, the temperature change in orbit was predicted by thermal mathematical model.
Thermal Desktop known as the thermal fluid analysis tool was used for the thermal mathematical model of the satellite [17] . In this research, the objective is to design the thermal control system which can control the thermal input up to 100 W class. Thus, the amount of thermal absorption at the paddles was 
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Experiment
Thermal Test Model and Thermal Vacuum Test Condition
The experimental evaluation of the proposed micro-satellite with functional thermal control system was conducted in the space environment. Figure 8 shows a thermal test model (TTM) which simulates the thermal properties of the satellite by using a mockup model. Especially the mission part and the functional thermal control devices in TTM have the same specifications as the flight model (FM). Meanwhile the bus part consists of substitutes except the body structure and the camera module. The weight of TTM is about 2.7 kg and the estimated weight of FM becomes 2.9 kg which satisfies the upper limit of 3U standard ~3.9
kg. Figure 9 shows the experimental setup for the space environment testing by using a space chamber. The wall temperature of the space chamber is kept from −170˚C to −190˚C by liquid nitrogen and the pressure of the space chamber is 10 −5 Pa or lower. TTM is placed with the bottom up in the space chamber as shown in Figure 8 (b) and TTM is fixed with polyester cable to minimize the heat leak due to conduction. A heater was used to provide the thermal input from the sun. The temperature of each part is measured by T type thermocouples. At the beginning of the space environment testing, each element of the thermal devices and each equipment of the payload were tested and moreover the operation test with the satellite as an integrated system was conducted. Figure 10 shows the comparison between the analysis and the experiment for Journal of Electronics Cooling and Thermal Control times as large as the estimation and the thermal conductance between the water chamber and GS was about one fifth of designed value by the thermal analysis.
Experimental Results of Space Environment Testing
Considering above things, it is required that the values of thermal conductance at the thermal analysis is applied by feedback values from the experiment to improve a good agreement between analysis and experiment. In the vacuum test, the evaporator was set up at the bottom of the CC as a bottom heat mode, and the difference in height between the evaporator and CC was A. Ueno et al. 
Experimental Results of Functional Thermal Control System
Experimental Results of Water Phase Change
The water phase change experiment was conducted with the heat load as the reproduction experiment. The water was heated from the solid phase applied with the heat load of 180 W until the water became the gas phase. After the view port of experimental chamber reached to 130˚C, the heat load was decreased to 20 W.
The water phase change was filmed with a high-definition camera. Figure 14 as follows; first, the circumference of the thermal conductivity material started to freeze at 0˚C or below, secondly, the rapidly phase change occurred around the first freezing area during the temperature increasing after supercooling, and finally, the vicinity of view port was frozen. Figure 14(c) shows the picture of the gas-liquid phase change. The boiling was observed during the gas-liquid phase change above 100˚C, although the temperature was not constant. The behavior of boiling became most active around 110˚C.
Conclusions
A functional and high-performance thermal control system with no power supply for a high-power micro-satellite: 100 W, 3 U has been proposed. To design this system, a demonstration satellite which can absorb the solar heat of 100 W was proposed and the experiment of three phase changes of water was conducted as the testbed of 100 W thermal control system. The basic design of the micro-satellite was divided into the payload design and the bus part design. The feasibility of the mission was proved by thermal mathematical model as follows: 1) the solar input to paddles could reach 180 W and the paddles can absorb the thermal energy up to 97 W; 2) the phase change of water led to a temperature change from −10˚C to 100˚C and reveals the possibility of the phase change test; and 3) the temperature of bus equipment was also within the allowable temperature range (0˚C -40˚C). Furthermore, the thermal test model was built and the test results confirmed the operation of the functional thermal control system with HSP, m-LHP and FRDR in the space environment testing, although the temperature fluctuation at the payload was not enough to satisfy the requirement. In order to develop the functional thermal control systems applied for high-power micro/nano-satellites, the future works are expected as follows: 1) a reduction of thermal resistance between the graphite sheet and water chamber, 2) a suppression of thermal radiation on the paddle, and 3) the optimization of FRDR and m-LHP toward the satellite. Journal of Electronics Cooling and Thermal Control 
